The volatile composition of cocoa from 16 accessions covering three different morphogenetic groups, namely, Criollo, Forastero, and Trinitario, was investigated. Fifty-three compounds were profiled using HS-SPME-GC-MS, and the number of volatiles per accession was found to be significantly associated with the morphogenetic groups. Volatile assemblages differed significantly among Criollo, Forastero, and Trinitario groups (ANOSIM, R = 0.715, p = 0.001). The differences in the volatile compounds of the three morphogenetic groups were essentially quantitative, and only a few compounds were found exclusively specific to a certain group, mainly in Trinitario. Moreover, the volatile compounds differed from these morphogenetic groups, which revealed complex interactions between them, including participation in the same biosynthetic pathways. Principal component analysis revealed that Trinitario cocoa had high contents of furfuryl alcohol, 3-carene, 2-pentanol, 1-pentanol, 2,3-butanediol, 2-heptanol, and benzyl acetate. Criollo cocoa contained high amounts of α-limonene, β-caryophyllene, β-myrcene, α-phellandrene, β-linalool, and acetic acid. Forastero cocoa also exhibited high contents of 3-methylbutanoic acid, 2-(2-butoxyethoxy) ethanol, anethole, and 2,4-pentanediol. However, the volatile compound pattern detected in Forastero cocoa was inconsistent. Volatile profiling of cocoa by HS-SPME-GC-MS and the interrelationship detected among the volatiles can be used as a roadmap for future breeding or biotechnological applications.
Introduction
Cocoa (Theobroma cacao L.), commonly known as the chocolate tree, belongs to genus Theobroma family Malvaceae. This economic tropical tree crop, which is native to the lowland rainforests of the Amazon basin, is cultivated by 5-6 million smallholder farmers in Central and South Americas, Caribbean, Africa, Asia, and some Pacific Islands. [1] Cocoa beans comprise the major raw material for the chocolate industry, with an annual production of approximately 4.6 million tons. [2, 3] Aside from not being able to make chocolate without cocoa beans, the distinctive flavor of chocolate is ascribed to these beans. Commercial cocoa traders typically separate cocoa beans into bulk and fine cocoa types, with fine cocoa characterized by the special floral and fruity aroma notes, which are absent in bulk cocoa. Mainly three morphogenetic groups of cocoa beans are produced worldwide: Forastero (bulk grade), Criollo (fine grade), and their hybrid, Trinitario (fine grade). [4] [5] [6] However, all major commercial-related activities over the past five decades have involved bulk cocoa. The market share of fine cocoa is less than 5% of the world trade per annum, and only few cocoa cultivars, such as arriba nacional from Ecuador and pure nacional from Peru, are suited to produce fine-flavor chocolate. [7] New and unique fine cocoa flavor sources are in demand by global fineflavor chocolate industries.
Numerous studies have already been conducted to detect the compositions of aromatic volatile compounds released by cocoa beans. [8] [9] [10] This information is a prerequisite to evaluate the volatile biosynthetic pathways, as well as to identify the genetic and environmental effects in volatile composition. [11] To date, more than a hundred different volatile compounds have been identified on the basis of fermentation, drying processes, and harvest maturity. [12] [13] [14] [15] [16] [17] [18] [19] Cocoa bean fermentation and drying contribute to developing cocoa-chocolate flavors by increasing levels of amino acids and sugars. [4] The levels of cocoa volatile compounds formed during roasting are shown to vary directly with bean fermentation time. [4, 14] In addition, Guehi et al. [12] reported that dried fermented cocoa beans contain higher acidity (higher levels of lactic and acetic acids) than unfermented cocoa beans. As far as other postharvest processes are concerned, cocoa bean roasting leads to higher levels of pyrazines in well-fermented beans than in less-fermented or unfermented beans. [10] Nevertheless, the available fragmented information together with the different techniques in chocolate production (fermentation, drying, roasting, and conching) caused difficulties in the comparison of aromatic volatile compounds among different cocoa genetic types present in the literature. [7, 8, 20] Importantly, recent studies have concluded that aroma is specific to cultivars, such as CCN51, EET62, and SCA6, and exhibits a unique potential flavor characteristic. [21, 22] In contrast to drying, roasting, or fermentation processes, no studies have been performed for the volatiles in the three morphogenetic groups, namely Criollo, Forastero, and Trinitario. Moreover, the volatile compounds of the three cocoa groups serve as indicators to differentiate fine from bulk cocoa and determine the quality of fine cocoa. Therefore, the current study investigated the differences in volatile profiles among the groups of Criollo, Forastero, and Trinitario cocoa beans to evaluate the volatile polymorphism of different cocoa morphogenetic groups and thus generate aroma information for future breeding or biotechnological applications.
Materials and methods

Plant materials
In this study, 16 cocoa accessions representing three major morphogenetic groups of cocoa, namely Criollo, Forastero, and Trinitario, were evaluated for the composition and concentration of their volatile compounds (Table 1) . Cocoa pods were obtained from the Cocoa Germplasm Repository of the Spice and Beverage Research Institute, CATAS, Hainan Province, China, in the major season (March to May) of 2014. All cocoa accessions are under the standard management scheme with normal pruning, irrigation, and fertilization. Healthy cocoa pods at commercial mature stage were harvested from three trees of each accession. Ten or Fifteen cocoa pods from different positions of one tree were mixed and considered as one replication. All cocoa pods were picked from the tree trunk approximately 100-150 cm high above the ground. After harvest, samples were taken to the laboratory immediately. Cocoa seeds were collected, unfermented, and sun-dried at a temperature of 50 ± 2°C. The sun-drying process was done by placing cocoa on coir matting, which was placed on a concrete floor in 15-cm thick layers. Afterward, the beans were mixed manually every day for 5-7 days to obtain 5-7% moisture. Samples of 2 kg each from dried cocoa beans were taken randomly. Each sample was subsequently fractioned into two parts: one of which was manually separated from testa to obtain the cocoa beans. The cocoa beans were ground with a pestle and mortar until to obtain cocoa flour and analyzed for volatile compounds. The other one cocoa bean sample was immediately stored under −40 ± 2°C. 
Extraction of volatile compounds
The solid-phase microextraction in the headspace (HS-SPME) method was used to extract the volatile compounds and evaluate the concentrations. For headspace sampling, the assayed fibers used in this study were DVB-CAR-PDMS with 50/30 μm film thickness (Supelco, Bellefonte, PA, USA), which was preconditioned at 250°C for 30 min in the GC injector, following the literature [13] and preliminary tests. For each extraction sample, 0.60 g of sodium chloride and 1 μl of internal standard (0.814 g·ml −1 3-octanol) were added to 2.00 g of cocoa flour and placed in a 15-ml capped SPME vial. The vial was subsequently placed in a 60°C water bath with a magnetic stirrer to maintain constant temperature, and the SPME fiber was exposed to the headspace testing sample to absorb the analytes for 30 min. The SPME fiber was then introduced into a preheated injector port of the GC for sample desorption at 250°C for 5 min in splitless mode. Linear retention indices (LRIs) were determined on the basis of the alkane series (C 7 -C 30 ).
GC-MS conditions
An HP-7890A/5975C GC-MS system (Agilent Technologies, Wilmington, USA), along with a DB-WAX column system (20 m × 0.18 mm I.D. × 0.18 μm microns, Agilent Technologies), was used under the following conditions: 250°C for MS transfer line heater, 250°C for injector temperature, and operation conducted in splitless mode. Initial oven temperature was set at 40°C for 5 min. The following program profiles were then used: from 40°C to 180°C at 4°C·min
, from 180°C to 260°C at 10°C·min
, and maintained for 2 min at 250°C. Helium gas was used as a carrier gas at a flow rate of 1.0 mL·min 
Statistical analysis
Kruskal-Wallis test was performed to determine the significant differences in the number of volatile compounds among cocoa accessions of the different morphogenetic groups, namely Criollo, Forastero, and Trinitario. One-way ANOVA was performed to test the variation of volatile concentrations among the different cocoa morphogenetic groups (p < 0.05). Bray-Curtis similarity test was performed to examine the volatile compositional similarity of the different cocoa accessions. A nonparametric two-way analysis of similarity (ANOSIM) was performed to test the significant differences in volatile composition among the cocoa accessions. Additionally, volatile compounds identified from cocoa seeds at the morphogenetic level were analyzed by principal component analysis (PCA). PCA was conducted using R package version 2.12.2 for Windows.
Results and discussion
Variation of volatile compounds in three cocoa morphogenetic groups Table 2 lists the volatile compounds identified in our HS-SPME-GC-MS platform and the relative levels for the analyzed three cocoa morphogenetic groups, namely Criollo, Forastero, and Trinitario. The volatile compounds in the Criollo, Forastero, and Trinitario groups were very diverse. A total of 53 volatile compounds have been identified: 12 alcohols, 9 hydrocarbons, 7 esters, 5 furans, 4 acids, 4 aldehydes, 4 ketones, 3 phenols, 2 ethers, 2 lactones, and 1 base. According to Magi et al. [23] and Rodriguez-Campos et al., [13, 14] the total profile of the volatile compounds in the three cocoa morphogenetic groups revealed the predominance of acids, alcohols, hydrocarbons, esters, and furans. Chemical classes commonly existing in three cocoa morphogenetic groups were also identified as follows: 2,3-butanediol, acetic acid, 2-pentanol, 2-heptanol, 2-acetylpyrrole, furfural, β-pinene, 3-carene, β-myrcene, α-limonene, β-caryophyllene, 2-nonanone, and γ-butyrolactone with a mean of 37.50 compounds per accession (n = 16, range 32-42). The Trinitario cocoa group exhibited the highest volatile compound diversity (mean = 39.32 ± 0.63, n = 6), followed by the Criollo group (mean = 37.67 ± 0.87, n = 6) (Fig. 1) . Forastero group showed the lowest volatile compound diversity (mean = 33.75 ± 0.71, n = 4), which was significantly different from those of the Trinitario (χ 2 = 6.63, df = 1, p = 0.010) and Criollo cocoas (χ 2 = 5.04, df = 1, p = 0.025). However, the number of volatile compounds varied between the groups of Trinitario and Criollo cocoas, with only a marginal significance (Kruskal-Wallis test, χ 2 = 2.92, df = 1, p = 0.088).
Compositional similarities of volatile assemblages in three cocoa morphogenetic groups
Volatile assemblages differed considerably among the morphogenetic groups of Criollo, Forastero, and Trinitario (ANOSIM, R = 0.715, p = 0.001). On average, cocoa accessions within the same morphogenetic group tend to achieve a lower Bray-Curtis similarity among each other (mean = 66.38%, CV = 20.51, n = 120 comparisons); this pattern indicated higher diversity in volatile compounds at the genetic level. Volatile compositions of the Trinitario group showed the highest similarity (mean = 79.70%, CV = 4.11, n = 15) (Fig. 2) . The average Bray-Curtis similarity of the Forastero cocoa volatile compounds was lower (mean = 70.39%, CV = 11.46, n = 6) than that of the Trinitario or Criollo groups, and significant differences were detected among the accessions in Trinitario (ANOSIM, R = 0.996, p = 0.004) and Criollo (ANOSIM, R = 0.984, p = 0.008) groups.
Differences in contents of volatile compounds among the three cocoa morphogenetic groups
The composition and content of volatiles in Criollo, Forastero, and Trinitario groups varied significantly (Fig. 3) . Acids are considered to be key contributors to cocoa flavor, specifically the acidification of cocoa beans by acetic acid during fermentation processes, leading to various biochemical modifications necessary for cocoa flavor development. [24, 25] Acids were the most abundant volatiles in these cocoa groups ( [25] reported that acetic acid was the most abundant volatile acid (~37%) in unfermented cocoa beans, and it has been described to exhibit a "sour, vinegar-like" aroma. [19] Some studies suggested that chocolates produced from Criollo beans have higher acidic tones, related to acetic acid, compared to Forastero and Trinitario beans. [26, 27] In the current study, the most abundant acetic acid compound was found in Trinitario cocoa (402.23 ± 24.55 μg·kg −1 FW), followed by Criollo cocoa (365.80 ± 33.54 μg·kg −1 FW). However, the acetic acid content of Forastero cocoa was very low, with a mean content of 180.73 ± 29.39 μg·kg −1 FW. Alcohols are typically described to have "fruity and plant-like" notes. [28] A total of 12 alcohols were detected in the three cocoa groups. Alcohol content was significantly higher in Trinitario cocoa (177.03 ± 15.81 μg·kg −1 FW) and Criollo cocoa (160.82 ± 20.59 μg·kg −1 FW) than that in Forastero cocoa (53.62 ± 8.76 μg·kg −1 FW). However, a significant difference was also found between Trinitario and Criollo cocoas. Kadow et al. [8] and Oberparlaiter and Ziegleder [29] reported that the most abundant alcohols were 2-pentanol, 2-heptanol, 2-ethyl-1-hexanol, β-linalool, and 2,3-butanediol, which accounted for greater than 80% of the total alcohol-type volatile contents. With regard to individual alcohol content, 2-heptanol, β-linalool, and 2-pentanol are described to have "fruity, lemongrass, and floral" notes, relating to the "floral" note, respectively. They also contribute to the fruity and floral odors in fine cocoa. [6, 16] In the current study, the contents of 2-pentanol were significantly higher in Trinitario cocoa (57.92 ± 17.67 μg·kg −1 FW) and Criollo cocoa (49.61 ± 13.92 μg·kg −1 FW) than in Forastero cocoa (12.06 ± 2.47 μg·kg −1 FW). Trinitario and Criollo cocoas were found to have high levels of β-linalool, ranging from 8.21 to 40.63 μg·kg −1 FW; however, the β-linalool content of Forastero cocoa was very low, with a mean content of 4.65 ± 1.57 μg·kg −1 FW. As major components, aldehydes can result from lipid oxidation or self-oxidation and the degradation of fatty acids. [25] In the present study, the aldehyde compounds of the three cocoa groups contributed 0.83-1.20% to the total volatile content. The sum of the aldehydes was significantly higher in Trinitario cocoa (16.37 ± 3.43 μg·kg −1 FW) than in Forastero cocoa (4.99 ± 0.57 μg·kg −1 FW). Hexanal and nonanal were detected as major aldehyde compounds, which accounted for greater than 70% of the total aldehydes. Hexanal has been described to exhibit a "cut grass-like" aroma, [30, 31] and the most abundant hexanal compound was found in Trinitario cocoa (2.69 ± 0.60 μg·kg −1 FW), followed by Criollo cocoa (2.29 ± 0.51 μg·kg −1 FW); Forastero cocoa has the lowest content at 1.05 ± 0.49 μg·kg −1 FW. Nonanal, which contributes a fragrant, woody-like aroma, was also found to be a dominant aldehyde compound in the three cocoa groups. [32] The contents of nonanal were significantly higher in the morphogenetic groups of Trinitario cocoa (7.94 ± 0.54 μg·kg −1 FW) and Criollo cocoa (5.26 ± 1.75 μg·kg −1 FW) than those in Forastero cocoa (2.83 ± 0.94 μg·kg −1 FW). Esters are important aroma compounds of cocoa, which contribute fruity flavors based on the reaction of organic acids with ethanol. [2] Trinitario cocoa exhibited the highest total ester content at 164.02 ± 34.25 μg·kg −1 FW, followed by Criollo cocoa at 39.71 ± 4.25 μg·kg −1 FW; Forastero cocoa showed the lowest content at 8.21 ± 6.80 μg·kg −1 FW. Furthermore, Trinitario cocoa exhibited the highest benzyl acetate and phenethyl acetate content levels at 123.30 ± 27.94 and 24.61 ± 3.26 μg·kg −1 FW, followed by Criollo cocoa with 2.99 ± 1.34 and 22.06 ± 6.32 μg·kg −1 FW. However, the corresponding contents in Forastero cocoa group were very low, with only 0.84 ± 0.84 and 4.44 ± 4.44 μg·kg −1 FW. Five furans, namely furancarboxaldehyde (furfural), cis-furan linalool oxide, 2-acetylfuran, 5-methylfurfural, and furfuryl alcohol (furaneol), were found in the present study, which accounted for 4.80%-6.14% of the total volatiles. The total furans in Trinitario cocoa (83.77 ± 5.82 μg·kg −1 FW) and Criollo cocoa (63.78 ± 8.15 μg·kg −1 FW) were significantly higher than those in Forastero cocoa (26.36 ± 4.16 μg·kg −1 FW) although no significant difference was detected between Trinitario and Criollo cocoas. Volatile furan derivatives are very low in unfermented cocoa beans. [25] Most furans, such as furfural and furaneol, were characterized by caramel-like, sweet, and honey notes, which were potential derivatives of Strecker degradation and caramelization reactions developed during cocoa processing and transformation through chocolate flavor synthesis in conching. [2, 33, 34] In this study, furfural and furaneol were also found to be major furan compounds, accounting for greater than 90% of the total furans. In addition, Trinitario cocoa exhibited the highest furfural and furaneol contents at 63.71 ± 4.91 and 9.73 ± 1.50 μg·kg −1 FW, followed by Criollo cocoa with 50.18 ± 5.40 and FW) although no significant difference was detected between Trinitario and Criollo cocoas. Saturated hydrocarbons do not exhibit characteristic odors, but their notes are described as "gassy" or "petrol". [35] However, certain alkenes have characteristic pleasant odors, such as β-caryophyllene (woody, spicy), [36] β-myrcene (spicy, clove-like), [37] α-limonene (citrus), [38] 3-carene (lemon, resin), [39] and α-phellandrene (dill, medicinal). [40] In this study, 3-carene, β-myrcene, α-limonene, and β-caryophyllene were the major hydrocarbon compounds evaluated, which accounted for greater than 80% of the total hydrocarbons. Trinitario cocoa exhibited the highest α-limonene, 3-carene, β-myrcene, and α-phellandrene contents at 168. Four ketones, three phenols, two lactones, and two ether compounds were detected in the current study. Volatiles such as 2-nonanone (ketones) and γ-butyrolactone (lactones) were described to have a fresh and sweet odor and fruity taste. [7] Trinitario cocoa showed the highest 2-nonanone and γ-butyrolactone contents (29.98 ± 6.53 and 17.43 ± 1.05 μg·kg −1 FW), followed by Criollo cocoa (15.02 ± 3.77 and 14.98 ± 3.65 μg·kg −1 FW); Forastero cocoa exhibited the lowest content of 2-nonanone and γ-butyrolactone at 8.21 ± 2.64 and 14.00 ± 6.14 μg·kg −1 FW. Although the total contents of ketones in Trinitario cocoa (52.39 ± 7.04 μg·kg −1 FW) and Criollo cocoa (27.86 ± 5.91 μg·kg −1 FW) were significantly higher than those in Forastero cocoa (13.79 ± 4.55 μg·kg −1 FW), no significant differences in the total contents of lactones, phenols, and ethers were found among the Trinitario, Criollo, and Forastero cocoas.
Relative abundance of different classes of volatile compounds in three cocoa morphogenetic groups
To further understand the usefulness of the volatile profiles to define and distinguish the three major cocoa groups, a PCA was performed. The first two PCs carried important information and explained approximately 60% of the variance, which clearly differentiated the three groups from one another (Fig. 4) . The score scatter plot of PCA of the 11 chemical classes of volatile compounds is shown in Fig. 4a , and 53 volatile compounds in the three major cocoa groups are presented in Fig. 4b . As illustrated in Fig. 4a , Forastero cocoa, which lie in the negative regions of PC1, were clearly differentiated from Trinitario cocoa. Trinitario cocoa (high scores on PC1) combine high contents of furans, alcohols, hydrocarbons, and acids, specifically 2-phenylethanol, 2,3-butanediol, 1-pentanol, 2-pentanol, 2-heptanol, benzyl acetate, 1-phenylethanone, 2-nonanone, furaneol, nonanal, 2-acetylpyrrole, and 3-carene. On the contrary, Forastero cocoa are located in the negative regions of PC1, with higher content levels of 3-methylbutanoic acid, 2-(2-butoxyethoxy) ethanol, anethole, and 2,4-pentanediol. Criollo cocoa was located toward the middle of PC1. Acetic acid, β-caryophyllene, ethyl phenylacetate, 2-ethyl-1-hexanol, α-limonene, α-phellandrene, β-myrcene, phenethyl acetate, β-linalool, α-toluenol, and furfural were strongly correlated with the Criollo cocoa.
A cluster analysis also confirmed that the three cocoa groups exhibited the most differential volatile profiles (Fig. 5) . Clusters of volatile compounds with differential accumulation levels rather than few individual compounds were responsible for the separation among these three morphogenetic groups. A correlation analysis of the volatile compounds was performed to evaluate how these metabolites relate to each other. The volatile compounds of esters showed high positive correlations with alcohol compounds and other structurally similar esters (positive correlations are shown in red in Fig. 6 ). The pattern may indicate that the levels of these compounds, which show up to 145-fold variations between groups, can be related to some enzymatic activities, such as those of alcohol acyltransferase. [11] Furthermore, a significant negative correlation between ester and aldehyde levels was observed, and this pattern indicates that alcohol dehydrogenase enzyme activity may participate in the formation of the difference between the levels of volatile compounds among the three cocoa groups.
Conclusion
Volatile composition and content depend largely upon cocoa genetic background. Almost all the characteristic volatiles in Criollo and Trinitario were significantly higher than in Forastero group. Cluster and correlation analyses indicated interesting relationships between compounds and classes of compounds, revealing the existence of interesting interactions between the biosynthetic pathways. Table 2 ).
Trinitario cocoa was characterized by high contents of furans, hydrocarbons, alcohols, and esters. Moreover, Criollo cocoa had extremely high contents of hydrocarbons, alcohols, and acids. However, Forastero cocoa showed no consistent volatile compound pattern but exhibited high contents of 3-methylbutanoic acid, 2-(2-butoxyethoxy) ethanol, anethole, and 2,4-pentanediol. Volatile profiling of cocoa by HS-SPME-GC-MS has proven to be a highly valuable tool for the characterization of cocoa beans from different morphogenetic groups. The results could be used as a roadmap to guide in the selection process of cocoa breeding programs aimed to obtain new varieties with better aroma and also to monitor industrial processes that may affect aroma. Table 2 .
